Objective-Activating transcription factor 6 (ATF6) is a sensor of the endoplasmic reticulum stress response and regulates expression of several key lipogenic genes. We used a 2-stage design to investigate whether ATF6 polymorphisms are associated with lipids in subjects at increased risk for cardiovascular disease (CVD). Methods and Results-In stage 1, 13 tag-SNPs were tested for association in Dutch samples ascertained for familial combined hyperlipidemia (FCHL) or increased risk for CVD (CVR). In stage 2, we further investigated the SNP with the strongest association from stage 1, a Methionine/Valine substitution at amino-acid 67, in Finnish FCHL families and in subjects with CVR from METSIM, a Finnish population-based cohort. The combined analysis of both stages reached region-wide significance (Pϭ9ϫ10
H igh serum total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and apolipoprotein B (apoB) are major risk factors for cardiovascular disease (CVD). Cholesterol levels are tightly regulated through a feedback pathway from the endoplasmic reticulum (ER) to the nucleus. 1 Sterol regulatory element binding protein 2 (SREBP2), an ER resident transcription-factor, has a central role in cellular cholesterol homeostasis. 2 In response to cholesterol demand the active domain of SREBP2 is released to the cytoplasm and migrates to the nucleus where it binds sterol response element (SRE) sequences in the promoter of target genes, such as the LDL receptor gene. 2 ATF6 is also an ER membrane-bound transcription-factor and a major regulator of the unfolded protein response (UPR). 3 The UPR is an evolutionary conserved stresssignaling pathway from the ER to the nucleus. Various stressful conditions, eg, nutrient deprivation, oxidative stress, high and low glucose concentrations, viral infections, obesity, and increased synthesis of secretory proteins, lead to accumulation of unfolded proteins and trigger the UPR. 4, 5 Besides a role for ATF6 in the UPR, lipogenic properties have been ascribed to ATF6, and crosstalk with the SREBP2 pathway has been demonstrated. 6 There is growing evidence that ATF6-mediated attenuation of SREBP2 fine-tunes the cholesterol biosynthetic pathway in cells under conditions of ER stress. 6 More specifically, Zeng et al demonstrated in vitro that changes in glucose levels influences lipogenesis via ATF6-mediated inhibition of SREBP2. 6 Additional parallel pathways through which ATF6 could modulate cholesterol homeostasis may exist, suggested by the presence of ATF6-binding elements in the promoter of the apoB gene. 7 We investigated whether genetic variation in the ATF6 gene is associated with plasma TC, LDL-C, and apoB levels, and whether it contributes to the complex genetic background of CVD. We used a 2-stage design. In stage 1, we performed genotyping of tag-SNPs in the ATF6 gene region to test for association in Dutch samples ascertained for familial combined hyperlipidemia (FCHL) or increased risk for CVD (CVR). An amino-acid substitution (methionine[67]valine) with the strongest evidence of association was further investigated in stage 2 study samples. We also functionally demonstrated that this variant augments ATF6 protein levels and its downstream targets.
Methods
For complete description of the Methods, please see the online supplemental material available at http://atvb.ahajournals.org.
Study Participants
The study design was approved by the ethics committees of the participating centers, and all subjects gave written informed consent.
Stage 1 study samples consisted of Sample 1 (Dutch CVR) with a total of 393 unrelated subjects at increased risk for CVD, ie, age 40 to 70 years and either hypertension (HT), or body mass index (BMI) Ͼ25 kg/m 2 from the Cohort study of Diabetes and Atherosclerosis Maastricht, 8 and Sample 2 (Dutch FCHL) with a total of 195 unrelated probands and spouses from families with FCHL. 9 Stage 2 study samples consisted of Sample 3 (Finnish FCHL) with 715 individuals from 61 Finnish FCHL families, 9 and Sample 4 (Finnish CVR) with 1371 subjects with CVR selected from 5112 male subjects in the ongoing Finnish population-based cohort, METSIM (METabolic Syndrome In Men), 9 using the same ascertainment criteria as in Sample 1. All of these study samples are described in detail in the supplemental Methods.
Statistical Analyses
Association analyses with continuous traits were performed using linear regression for the genotypic model. The genotypic test is a 2 degrees of freedom test of an additive (␤ add ) and a dominance-deviation (␤ dev ) effect. The ␤ dev coefficient reflects a deviation from an additive effect. A recessive character is suggested when the sign of ␤ dev is opposite of ␤ add , and a dominant character is suggested when the signs of both coefficients are in the same direction. A full recessive or dominant model is observed when the magnitude of the effects is equal ␤ dev _ϭ^␤add _. To avoid violating the assumptions of the test statistics, we estimated empirical probability values in the combined analysis of Sample 1 and 2 by combining the 2 statistics from 20 000 random permutations of each sample. 9 Association analysis in families (Sample 3) was performed with the genotypic model of the family-based association test (FBAT) software. 10 The combined analysis of stage 1 and 2 and the meta-analysis of stage 1, Sample 3 and the METSIM cohort were performed using Fisher method 11 for combining probability value, as described in the supplemental Methods.
Cell Studies
Primary preadipocytes were isolated from subcutaneous adipose tissue from 11 subjects who underwent fat biopsies. HeLa cells were used for transfection experiments with the following plasmids: Cytomegalovirus-galactosidase; Flag-ATF6- Reporter assays included luciferase and ␤-galactosidase assays. Western blot experiments were done using specific antisera against ATF6, FLAG, KDEL (Grp78 and Grp94), ␤actin, and GAPDH.
Results

ATF6 Protein Levels Correlate With Plasma Lipid Levels
We investigated the potential role of the ATF6 gene in hyperlipidemia by first evaluating the relation between basal ATF6 levels in cultured human primary preadipocytes and plasma TC, LDL-C, and apoB levels. We observed a significant positive correlation between ATF6 levels in vitro and plasma TC, LDL-C, and apoB levels of the corresponding subjects (rϭ0.65, Pϭ0.032; rϭ0.72, Pϭ0.018; and rϭ0.76, Pϭ0.006, respectively; supplemental Figure 1 ).
Stage 1 Association Analysis
We used a 2-stage design to investigate whether variants within the ATF6 gene are associated with lipid levels in subjects at increased risk to develop CVD. In stage 1, tag-SNPs selected to capture the common genetic variation in ATF6 were investigated in 2 independent Dutch samples comprising 393 individuals with increased CVR (Sample 1), and 195 unrelated FCHL probands and their spouses (Sample 2). In stage 2, the strongest signal was further investigated in 2 Finnish studies: 715 subjects from 61 FCHL families (Sample 3) and in 1371 subjects with CVR (Sample 4) from the METSIM cohort. Finally, a combined analysis of the 2 stages was performed to reach a region-wide significance. Clinical characteristics of the study samples are shown in supplemental Table 1 .
In stage 1, we tested a total of 13 SNPs for association with TC, LDL-C, and apoB levels using multivariate linear regression for the genotypic model. (The most significant association was observed for SNP3 (rs1058405) with TC (Pϭ0.009, b dev ϭϪ0.2 to Ϫ0.3 and b add ϭ0.2 to 0.3), LDL-C (Pϭ0.008, b dev ϭϪ0.2 to Ϫ0.3 and b add ϭ0.2) and apoB (Pϭ0.002, b dev ϭϪ0.3 and b add ϭ0.3) ( Table 1 and Figure 1 ). The distributions of TC, LDL-C, and apoB between the genotype groups suggest a recessive effect for SNP3, which is also demonstrated by the equal magnitude and opposite sign of the additive and dominance-deviation effects. SNP8 and SNP11 were associated with probability values Ͻ0.05 (supplemental Table 1 and supplemental Figure 1 ) but only SNP3 resulted in probability values Ͻ0.05 for all traits. We confirmed that the direction of the association is the same in both Sample 1 and 2 for all SNPs with probability value Ͻ0.05, as the 2 statistics could go in either direction. Furthermore, it should be noted that SNP3 is in high LD with SNP8 (r 2 ϭ0.7) and in low LD with SNP11 (r 2 ϭ0.2). Next, we used an imputation-based regression method to extend our association analysis to nontagged SNPs in the ATF6 region (supplemental Methods). Furthermore, as we test for association with all common SNPs (MAF Ͼ5%) in the region using a Bayesian-regression approach, we can statistically assess which SNP (tagged or nontagged) most likely affects the traits. We obtained the strongest evidence of association for SNP3 (ie, the largest estimated Bayes Factor [BF]) for all the traits (Figure 1 ). The BF we observed for apoB (BFϭ1.03) can be considered as strong evidence of association, and the ones for LDL-C (BFϭ0.77) and TC (BFϭ0.6) as substantial evidence of association. Taken to-gether, these data suggest that in Stage 1, SNP3 is the best regional-candidate for affecting plasma lipid levels.
SNP3 is a coding variant that translates into the Methionine[67]Valine amino-acid substitution (supplemental Figure 2B ). According to the dbSNP-database SNP3 is possibly a triallelic variant (A-G-T 3 Met-Val-Leu). However, the leucine variant is most likely a sequencing error as it was originally identified in a sample size of 4 individuals with validation status unknown. Furthermore, we did not observe the leucine variant in 200 subjects of Sample 1 that we specifically screened using an allele-specific primer for it.
Stage 1 and 2 Association Analysis
SNP3 that provided a probability value Ͻ0.05 for all traits in the stage 1 analysis was tested in a combined analysis of stage 1 and 2. We analyzed the stage 2 samples using the same genotypic model as in stage 1 and performed a combined analysis of the 2 stages using Fisher method 11 for combining probability values weighted by the sample size. This analysis included a total of 2674 subjects at increased risk to develop CVD. We observed a significant association between SNP3 and TC (Pϭ9ϫ10 Ϫ4 ), LDL-C (Pϭ0.007), and apoB (Pϭ0.005) levels (Table 2 ). Similar to the results obtained in the stage 1 samples, higher lipid levels were also observed with the Val allele in the stage 2 samples (Table 2 ). In the FCHL families (Sample 3), both the lipid genotypic mean values and the Z-scores for the homozygote rare group (all Z V/V Ͼ1.7) suggest a recessive effect for SNP3, similar to Samples 1 and 2 (Table 2 ). However, an additive effect could not be rejected in the CVR sample selected from the METSIM cohort (Sample 4), as none of the ␤ dev terms where significantly different from zero ( Table 2 ). The association between SNP3 and TC levels is region-wide significant, as it surpasses the Bonferroni correction for 13 SNPs tested in stage 1 with 3 traits, as well as 6 additional tests performed in stage 2 (Adjusted probability value 0.0009ϫ45ϭ0.04). However, it should be noted that as we tested 3 correlated traits (average correlationϭ0.85) the Bonferroni correction for multiple testing, that presumes that tests are independent, is conservative for our analyses.
Meta-Analysis of SNP3 in a Population-Based Cohort
As we obtained a region-wide significant association between SNP3 and plasma TC levels, we also included all available subjects of the METSIM cohort (ie, CVR and non-CVR) in a meta-analysis of all samples weighted by the proportion of the sample size. We did not observe significant associations for TC in meta-analysis of all subjects (nϭ5812, 2 ϭ4.42, Pϭ0.62). However, as we excluded subjects with T2DM from our study (Stage 1 and 2) we also performed the meta-analysis while excluding subjects with T2DM or family history of T2DM from METSIM. The subjects with family history of T2DM also exhibit impaired glucose homeostasis, as shown in supplemental Table 3 . We observed a significant association between SNP3 and TC levels (nϭ3471, 2 ϭ18.09, Pϭ0.006), suggesting that the effect of SNP3 may be different between individuals with and without T2DM and history of T2DM.
Furthermore, the effect of SNP3 was more pronounced in the stage 1 and 2 analysis that included subjects from METSIM with CVR (Sample 4; Table 2 ). To further investigate this relationship between SNP3, T2DM, and CVR, we examined the effect of their multiplicative interaction on serum TC levels (supplemental Methods). We observed that plasma TC levels are significantly affected by the interaction of SNP3 and T2DM or family history of T2DM (standardized␤ grϭϪ0.12 [SEϭ0.05], Pϭ0.01), whereas an opposite direction of interaction was observed between SNP3 and CVR on serum TC levels (standardized ␤ grϭ0.10 [SEϭ0.05], Pϭ0.03). These data suggest opposite effects for the Val variant on TC levels between individuals with T2DM and CVR, with a decreasing effect in subjects with T2DM or family history of T2DM and an increasing effect in subjects with CVR.
Functional Characterization of the Methionine[67]Valine Variant
The Met[67]Val substitution is located in the transcription activation domain (TAD) of ATF6, more specifically in the VN8-like region (amino-acid 61 to 68), which is critical for transcription activity and degradation of ATF6 (supplemental Figure 2) . 12 We observed that this amino acid substitution was computationally predicted to be damaging to the protein (PSIC scoreϭ2.08) based on phylogenetic and structural information (PolyPhen server tool). 13 To explore the possibility that the Met[67]Val polymorphism alters the protein function, we assessed the effect of amino acid substitution at position 67 on the protein levels and transcriptional activity of ATF6 in vitro. Although the Leucine-variant is probably a sequencing error, we also tested it functionally. Accordingly, we prepared 3 constructs of FLAG-tagged ATF6(1-373) that mimic active ATF6 generated by ER stress. These 3 constructs only varied in amino acid 67. We tested the 3 constructs in HeLa cells by assaying for luciferase expression through the GRP78 promoter. The constructs, FLAG-ATF6(1-373)-[67]-valine and FLAG-ATF6(1-373)-[67]-leucine had significantly higher luciferase activity than the Met allele construct (1.4-and 2.5-fold change, respectively; Figure 2 ). We also compared the protein levels of endogenous Grp78 and Grp94, which are direct targets of ATF6, in cells transfected with FLAG-ATF6 constructs. In agreement with the results from the luciferase assay, the levels of Grp78 and Grp94 were significantly higher in cells transfected with FLAG-ATF6(1-373)-[67]-valine and FLAG-ATF6(1-373)-[67]-leucine, than those transfected with the Met allele construct ( Figure 3A and 3B) . Furthermore, FLAG-ATF6 levels were also increased, suggesting a gain-of-function substitution. Taken together, these functional data demonstrate that this variant augments ATF6 protein levels and its downstream transcriptional targets. §The P values represent the results of the combined analysis of stage 1 and 2, as described in Methods. PϾ0.1 for the significance of deviation from an additive model.
Discussion
Our 2-stage association analysis of tag-SNPs in the ATF6 gene revealed a region-wide significant association between the Met[67]Val amino-acid substitution and increased TC levels in samples ascertained for FCHL and risk factors for CVD. Furthermore, we also functionally demonstrate that the Met[67]Val substitution augments ATF6 levels and its downstream transcriptional targets. These findings are also supported by a strong positive correlation between the ATF6 protein levels in cultured preadipocytes and plasma lipids levels in the corresponding individuals. Obviously, human liver would have been the most preferable tissue for these types of protein experiments. However, liver biopsy is an invasive procedure that can cause potentially life-threatening complications. Therefore, we used adipose biopsies, also relevant for studies of lipid metabolism.
The Met[67]Val substitution in ATF6 (rs1058405) is a common variation. Its MAF ranges from 7% in black to 23% and 29% in Asian and European populations, respectively. It is an excellent functional candidate as it resides within the VN8-like domain of ATF6 (supplemental Figure 2) . The VN8 domain was identified in the virion protein 16 (VP16) transcription factor from herpes simplex virus type I and is required for transcriptional activation and rapid proteasomal degradation of VP16. 14, 15 More recently, Thuerauf et al identified a VN8-like domain in ATF6, which is 75% identical to the VN8 domain in VP16. 12 Analogous to VP16, the ATF6-VN8 region was found to be critical for transcriptional activity and subsequent degradation of ATF6. Mutating amino acid 62 and 64 in the ATF6-VN8 region caused a 5-fold reduction in transcriptional activity. 12 Our transfection experiments with mutated ATF6 constructs revealed that the valine variant at position 67 increases ATF6 transcriptional activity in cultured cells. Furthermore, ATF6 levels were increased with the Val allele when compared to the Met allele construct. According to the dbSNP-database rs1058405 is possibly a triallelic variant (Met-Val-Leu). The leucine variant could be a sequencing error as it was originally identified in a sample size of 4 individuals with validation status unknown, and we did not detect it in 200 subjects that we specifically screened for the leucine variant. Nevertheless, mutating amino acid 67 to leucine further increased ATF6 levels, as well as its targets, Grp78 and Grp94, illustrating the importance of amino acid 67 for ATF6 transcription activity.
Zeng and colleagues recently elucidated a potential molecular mechanism through which ATF6 can modulate cholesterol homeostasis. 6 In response to glucose starvation, activated ATF6 can interact with SREBP2 and bind as a heterodimer to SREs in the promoters of cholesterogenic genes, eg, the LDL receptor. Bound to SRE, the ATF6-SREBP2 heterodimer recruits HDAC1, and together they exert a major inhibitory effect on SREBP2 transcription activity. 6 It is tempting to propose an additional inhibitory effect on SREBP2 activity attributable to the Met[67]Val gain-of-function-polymorphism, which would further reduce the number of LDL receptors that bind and internalize LDL and VLDL particles, consequently increasing plasma cholesterol levels. Recently, it has also been demonstrated that prolonged high glucose conditions induce ER stress and ATF6 activity. 5 These findings both suggest that glucose levels may present a confounding factor in the genetic analysis of ATF6. We observed an interaction between the valine variant and T2DM on plasma TC levels, suggesting that impaired glucose homeostasis may confound the associations with ATF6. However, the potential confounding role of glucose homeostasis and the exact mechanism through plasmids (1 g), were extracted and analyzed for expression of FLAG-ATF6, Grp78, Grp94, and GAPDH by Western blot using specific antiserum antibodies for FLAG, KDEL (Grp78 and Grp94), and GAPDH, respectively. B, Quantification of the blots by densitometry analysis. Each value represents the mean and SEM of 4 independent transfections). *PϽ0.05, #PϽ0.01. which the Met[67]Val substitution in ATF6 affects cholesterol metabolism remains to be addressed in future studies.
Recently, the GWAS data of predominantly populationbased cohorts were analyzed for lipid traits. 16 SNP3 was not significantly associated with LDL-C in this meta-analysis using an additive model (PϾ0.05). However, as the types of genes identified in a GWAS naturally depend and reflect the characteristics of the study samples, it is likely that other variants and genes will be identified in studies based on CVR. In our analyses of all samples and the METSIM cohort, the association signal originated specifically from subjects at increased cardiovascular risk without T2DM or family history of T2DM. Notably, although our combined probability value of both stages indicates a significant overall association, the association signal and the proportion of variance explained by SNP3 were less significant in Sample 4, selected from the population based METSIM cohort. Furthermore, a recessive mode of inheritance was suggested throughout the samples except for Sample 4, as evident by the sign and the significance of the dominant-deviation term. These differences may reflect the fact that population-based cohorts are not optimal for detecting modest effects, particularly those that are largely recessive. As CVD risk factors are highly prevalent in the population because of modern lifestyle, sampling cases from a population-based cohort hampers the possibilities to collect cases based on the true genetic background. This environmental "noise" may have resulted in a limited power to detect the effect of SNP3 in the METSIM cohort. Therefore, the genetic model and the significance of SNP3 on cholesterol levels need to be addressed in future replication studies using large samples ascertained for CVR.
The effect of SNP3 suggest that this SNP alone is not a major determinant of cholesterol levels, but rather a modifier variant that influences cholesterol levels. However, the combined effect of SNP3 and additional risk factors is likely to be more pronounced, and thus, more easily detectable in study samples that are enriched for CVD risk factors. This may explain the consistent association observed in the CVR and FCHL samples and the lack of association signal in the entire unascertained METSIM cohort or recent GWAS for lipids. 16 As exemplified by our current study and given the complex architecture of common diseases, such as CVD, it may be more important to select replication samples using the specific attributes of the initial study than the size of the replication sample in general.
In conclusion, our data suggest that the Met[67]Val substitution in the ATF6-gene is associated with cholesterol levels in subjects with increased risk to develop CVD. We also demonstrate that the Met[67]Val substitution is a gain-of-function polymorphism that increases ATF6 transcriptional activity.
